Abstract. I discuss the experimental evidence for and theoretical interpretation of the new mesons and baryons with two heavy quarks. These include doubly-heavy baryons, exotic hadronic quarkonia and most recently a manifestly exotic pentaquark-like doubly heavy baryon with a minimal quark content uudc discovered by LHCb, whose mass, decay mode and width are in agreement with a prediction based on a physical picture of a deuteron-like Σ cD * "hadronic molecule".
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First observation of manifestly exotic hadrons
In late 2007 the Belle Collaboration reported [1] anomalously large rate partial widths of Υ(5S ) → Υ(2S ) and Υ(5S ) → Υ(1S ), two orders of magnitude larger than the analogous decays of Υ(3S ). Soon afterward Harry Lipkin and I proposed [2] that a four-quark exotic resonance [bbud] might mediate these decays through the cascade Υ(mS ) → [bbud]π − → Υ(nS ) π + π − . We suggested looking for the [bbud] resonance in these decays as peaks in the invariant mass of Υ(1S ) π or Υ(2S ) π systems. Subsequently Belle collaboration confirmed this prediction, with the observation [3, 4] of two charged bottomonium-like resonances Z b as narrow structures in π ± Υ(nS ) (n = 1, 2, 3) and π ± h b (mP) (m = 1, 2) mass spectra that are produced in association with a single charged pion in Υ(5S ) decays. The measured masses of the two structures averaged over the five final states are M 1 = 10608.4 ± 2.0 MeV, M 2 = 10653.2 ± 1.5 MeV, both with a width of about 15 MeV. Interestingly enough, the two resonances are only a few MeV away from the respective B * B and B * B * thresholds. This strongly suggests a parallel with X(3872), whose mass is almost exactly at the D * D threshold. It also raises the possibility that such states might have a complementary description as deuteron-like "molecule" of two heavy mesons quasi-bound by pion exchange [5] [6] [7] .
The attraction due to π exchange is 3 times weaker in the I=1 channel than in the I= 0 channel. Consequently, in the charm system the I=1 state is expected to be well above the D * D threshold and the I=0 X(3872) is at the threshold. 1 In the bottom system the attraction due to π exchange is essentially the same, but the kinetic energy is much smaller by a factor of ∼m(B)/m(D)≈2.8 . Therefore the net binding in the bottom system is stronger than in the charm system. This expectation has been confirmed by the discovery by BESIII [8] of charged exotic charmonium Z c (3900) at 3899.0 ± 3.6 ± 4.9 MeV with Γ = 46 ± 10 ± 20 MeV, 27 MeV aboveDD * threshold.
The narrow widths of these exotic resonances implies that they are deuteron-like loosely bound states and/or near threshold resonances in the two heavy-meson system. Such "molecular" states, DD * , etc., were introduced in Ref. [5] . They were later extensively discussed [6, 7, 9, 10] in analogy with the deuteron which binds via exchange of pions and other light mesons, and were referred to as "deusons".
Since the quarks are heavy, we can treat their kinetic energy as a perturbation depending linearly on a parameter inversely proportional to μ red , the reduced mass of the two meson system, which scales like the mass of the heavy quark with the hamiltonian [11] , H = a · p 2 + V, where a = 1/μ red ∼ 1/m Q . We can use the existing data in order to make a very rough estimate of the isovector binding potential in the m Q → ∞ limit. We have two data points: Z c (3900) 27 MeV aboveDD * threshold and Z b (10610) approximately 3 MeV aboveBB * threshold. Linear extrapolation then yields approximately −20 MeV as theBB * binding energy in the isoscalar channel. The upshot is that the Z c (3900) isovector resonance confirms and refines the estimates in [9, 10] for the mass of the putativeBB * isoscalar bound state. This immediately lead to several predictions [11] :
(a) two I = 0 narrow resonances X b in the bottomonium system, about 20 MeV below the correspondingBB
Soon after these predictions [11] , the BESIII collaboration observed what looks just like (b) above, namely a new charmonium-like charged narrow resonance Z c (4025/4020), slightly above theD * D * threshold [12, 13] . Fig. 1 provides a concise summary of the experimental information about the masses of doubly-heavy exotics observed so far, together with our predictions for additional states, as discussed above. The X b states can most likely be observed through the decays X b → Υω or X b → χ b ππ. The decay to Υππ is forbidden by G-parity conservation [14] . The seemingly analogous decay X(3872) → J/ππ is only possible because isospin is strongly broken between D + and D 0 , and because X(3872) is at thē DD * threshold. In contradistinction, in the bottomonium system isospin is almost perfectly conserved. Thus the null result in CMS search [15] for X b → Υ(1S )π + π − does not tell us if X b exists. In fact, X b might have been already observed by ATLAS, D0 and LHCb [16] [17] [18] [19] , camouflaging as run-of-the-mill excited bottomonium χ b (3P) [20] .
When discussing molecular states (of which X (3872) Strong support for the molecular interpretation of the states listed in Table 1 comes from the fact that they are quite narrow, despite many hundreds of MeV available for their decay into quarkonium and pion(s). The width is a product of the available (very large) phase space and the square of the absolute value of the matrix element between the initial and the final state. Thus the experiments tell us that the overlap of the resonance wave function with quarkonium must be very small. In a tightlybound pentaquark the the c andc quarks are both within one confinement volume, so the overlap with the J/ψ wave function is then generically large. On the other hand, in the molecular picture such a small overlap of the wave functions is automatic. This is because in a hadronic molecule the two heavy quarks spend most of their time far from each other. This point is schematically illustrated in Fig. 2 . (a) The state contains two heavy hadrons. They have to be heavy, as the repulsive kinetic energy is inversely proportional to the reduced mass. (b) The two hadrons carry isospin, so that they can couple to pions. Channels like Σ cΛc , in which one of the particles has zero isospin, can exchange a pion to become the equal-mass channel Λ cΣc . (c) The spin and parity of the two hadrons have to be such that they can bind through single pion exchange. (d) The hadrons making up the molecule have to be sufficiently narrow, as the molecule's width cannot be smaller than the sum of its constituents' widths.
A crucial step is then the realization that the pion-exchange binding mechanism can in principle apply to any two heavy hadrons which satisfy conditions (a)-(d) above, be they mesons or baryons.
A quantitative understanding of these effects then can be applied to other bound or resonant states of two heavy hadrons. For example, the discovery of the Z b and Z c states and their probable interpretation as B * B
/B
* B * and D * D /D * D * bound by pion exchange led us to propose that a weakly bound Σ cD * deuteron-like state might exist [21] . The narrow pentaquark resonance discovered by LHCb [22] has the right properties to be that state. Many more analogous loosely bound states of two heavy hadrons are predicted [21] . They are listed in Table 2 . Note in particular the bottom quark analogue of the resonance discovered by LHCb [22] , expected somewhat below the Σ b B * threshold at 11140 MeV. Note also that in the open flavor sector we expect a D * B * resonance, but no DB * . This is because a bound state of a pseudoscalar and a vector of different flavors cannot bind by one pion exchange. The pentaquark states observed by LHCb in Λ b decay are excellent candidates for photoproduction off a proton target [23] [24] [25] . The size of the resonant cross sections is illustrated by Fig. 3 which shows the cross section for resonant photoproduction γp → J/ψ p → P c (4450) → J/ψ p, as a function of the incident photon laboratory energy E γ . The relevant experiments can be carried out at JLab. One of them has already been approved [26] . In principle, one can also search this way for the bottom analogue of P c (4450) [25] . One can extend the molecular model to doubly heavy hadrons which do not contain light quarks, with binding provided by η exchange [27] , leading .e.g. to D sD * s molecules, which might manifest themselves as J/ψφ resonances, such as those recently observed by LHCb [28] .
In addition to the states listed in Table 2 + π − , which might be observable in LHCb. It should also be seen in lattice QCD.
